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We demonstrate a high-peak-power femtosecond fiber laser
system based on single-mode holmium (Ho)-doped fibers.
833 fs, 27.7 MHz pulses at 2083.4 nm generated in a pas-
sively mode-locked Ho fiber laser are amplified and com-
pressed to near transform-limited 172 fs, 7.2 nJ pulses
with 24.3 kW peak power. We achieve this performance
level by using the soliton effect and high-order soliton com-
pression. To the best of our knowledge, this is the first dem-
onstration of sub-200 fs pulses, with peak power exceeding
10 kW from a Ho-doped single-mode fiber laser system
without using bulk optics compressors.
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High-power femtosecond fiber lasers have been widely devel-
oped over the past few decades. Their advantages in compact
design, simple heat dissipation, high beam quality, and turnkey
operation make them attractive over the solid-state lasers.
Among them, 2 μm fiber lasers are of great interest because of
their widespread use in the plastic materials processing, medical
surgery, and gas sensing [1,2]. In particular, ultrafast pulse
sources at 2 μm can be efficiently extended to “fingerprint”
mid-infrared spectral region through nonlinear frequency
conversion [3–5]. Further, these sources are very suitable for
efficient generation of XUV/soft x-rays via high-order
harmonic generation [6].
Thulium (Tm)-doped fibers are the most common gain
media at a 2 μm spectral region in fiber oscillators, due to their
broad (∼1.7 to 2.1 μm) gain bandwidths. However, this
bandwidth usually cannot be fully exploited. For example,
the optimal operation spectral range is typically restricted to
1.9–2.0 μm [7–9], which coincides with unwanted water
and atmospheric molecular absorption lines [4]. These spectral
absorption lines deteriorate the compressed pulse, as well as the
beam quality at high average power [10]. These drawbacks can
be avoided by shifting the wavelength beyond 2.0 μm. Raman-
induced soliton self-frequency shift (SSFS) has been demon-
strated generating femtosecond pulses with wavelength tuning
ranges up to 2.3 μm [11]. However, compared to the oscillator,
SSFS often introduces a larger amplitude and phase noise [12],
making their applications unattractive for detection of signals
with a small modulation depth. An alternative approach is to
use oscillators based on single or co-doping with holmium (Ho)
fibers that emit wavelength centered at ∼2.05 μm. To this end,
there has been significant progress in the development of
Ho-doped [13–17] or Tm/Ho [18–21] co-doped ultrafast fiber
oscillators. Pulse energy as high as 2.55 nJ has been directly
achieved from an all-fiber graphene-mode-locked Ho-doped fi-
ber laser [22]. By using dispersion-managed techniques, 160 fs
pulses can be generated in a Ho fiber oscillator [23]. However,
the performance of these oscillators is typically limited in terms
of pulse energy (<3 nJ), peak power (<10 kW), and average
power (few tens of mW). Although they can potentially be di-
rectly improved by using fiber amplifiers, the pulse duration is
expected to be significantly stretched or distorted if no appro-
priate dispersion or nonlinearity management is used [17,24].
Chirped pulse amplification (CPA) is a widely accepted
strategy that can be used to greatly improve the average power,
peak power, and pulse energy, while maintaining the pulse at
the femtosecond level. Using a Martinez-type compressor [25]
and a chirped volume Bragg grating compressor [26], CPA sys-
tems based on Tm/Ho co-doped fibers can produce ∼380 fs
pulses at 2.08 and 2.05 μm, with pulse energies of 10.2 and
570 nJ, respectively. However, bulk optics is required to com-
press the pulse, eliminating the flexibility of the fiber output
and probably suffering from spatial chirp. Their achievable
pulse durations are also restricted by the oscillator spectrum,
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as the gain filtering during the amplification would narrow the
amplified spectrum and broaden the pulse duration. In con-
trast, the soliton effect and high-order soliton compression
can be exploited during the amplification in gain fibers to sig-
nificantly shorten the pulse duration and increase the energy
without the aid of external bulk compressors [27,28].
Hence, the amplifier system can work with an all-fiber configu-
ration. Indeed, 100 fs pulses with energy as large as 7.4 nJ and
peak power as high as 54 kW at 1.5 μm have been directly
achieved in a single-stage erbium-doped fiber amplifier without
using the CPA [29].
In this Letter, we demonstrate a high-peak-power femtosec-
ond Ho-doped fiber laser system. The fibers used in the system
are single mode. The seed pulse is offered by a Ho-doped fiber
oscillator delivering 833 fs pulses at 2.08 μm and then ampli-
fied in the following Ho-doped fiber amplifier. Due to the sol-
iton effect and high-order soliton compression, our system is
able to generate near-transform-limited 172 fs pulses with
24.3 kW peak power, representing, to the best of our knowl-
edge, the highest peak power ever achieved from a single-mode
Ho-doped fiber laser system without the use of bulk optics
compressors.
The schematic of the experimental setup is depicted in
Fig. 1. The system is constructed by a seed oscillator and a
single-stage all-fiber amplifier. All of the fibers are single-mode
operation, ensuring a high beam quality. Mode-locking oper-
ation of the oscillator is driven by the nonlinear polarization
evolution, which consists of two λ∕4 waveplates, one λ∕2
waveplate, and a polarization-dependent isolator. All of the
waveplates, aspheric lenses, and isolators are assembled in a
compact 76 mm × 38.1 mm × 41.1 mm box to improve the
mechanical stability and, hence, achieve reliable and turnkey
self-starting mode locking. The other components of the oscil-
lator include a 1.3 m long Ho-doped gain fiber (Nufern SM-
HDF-10/130) with a 10 μm core diameter, an output coupler
(OC) and a 1950/2080 nm wavelength-division multiplexer
(WDM). The forward pump light is offered by a homemade
Tm-doped fiber laser (TDFL) emitting at 1948 nm with the
maximum power up to 2 W. A 20% fraction of intra-cavity
light is coupled to the output port. Since the optical nonline-
arity of silica fiber decreases at long wavelengths, a 3 m long
piece of standard single-mode fiber (SMF-28e) is inserted into
the cavity to enhance the nonlinear phase accumulation. This
results in an easier initialization of mode locking. The
dispersion of the passive fibers and the gain fiber are estimated
as −0.105 ps2∕m and −0.112 ps2∕m at 2.08 μm [22], respec-
tively. The total cavity length is ∼7.4 m, and the corresponding
net cavity dispersion is estimated as ∼ − 0.78 ps2 at 2.08 μm.
The fiber amplifier consists of a 3m longHo-doped fiber and
a WDM, the same types as above. The gain fiber is backward
core-pumped by another homemade TDFL with a maximum
power up to 2.32 W. An isolator placed between the oscillator
and amplifier is used to prevent the residual pump light of TDFL
and the back-scattering light of the fiber amplifier from entering
into the oscillator to affect the mode-locking operation.
Above a pump power of 560 mW of the oscillator, reliable
self-starting mode-locking operation is achieved, with an
average power of 9.85 mW and a pulse repetition rate of
27.7 MHz, corresponding to a pulse energy of 0.36 nJ. A
frequency-resolved optical gating (FROG) device and an opti-
cal spectrum analyzer (OSA, Yokogawa AQ6375) are employed
to characterize the output pulse features. The error between the
measured and retrieved FROG traces of pulses generated from
the oscillator is 0.3%. The retrieved and measured spectra have
good agreement, as shown in Fig. 2(a), indicating good reliabil-
ity of our FROG measurement. The spectrum is centered at
2083.4 nm and has a 3 dB bandwidth of 6.1 nm, with clear
sidebands typical for soliton mode-locking operation. Since the
Kelly sidebands are generally in the form of a long duration
pedestal with low intensity accompanied with the soliton
[30], they cannot be efficiently converted to the second har-
monic via the BBO crystal of the FROG device. As a result,
the retrieved spectrum from FROG shows no clear sidebands
[see Fig. 2(a)]. We note a small modulation in the peak of the
measured spectrum. This could be caused by the polarization
dispersion, as it can be changed by tuning the waveplates. We
note that such modulation does not affect the following ampli-
fication results. The ratio of the Kelly sidebands to the total
energy is ∼19%, as measured by using a diffraction grating fol-
lowing a knife-edge method, is close to the ratio (∼14.5%) cal-
culated by spectral integration in Fig. 2(a). In our experiment,
the actual main pulse energy could be slightly higher than 81%,
as the pedestal power in the Kelly sidebands still contributes
part of the energy to the main pulse. Figure 2(b) depicts the
pulse profile retrieved from the FROG trace, with a pulse du-
ration of 833 fs (corresponding to a time bandwidth product of
0.35), close to the Fourier limit if a sech2 pulse is assumed.
A small pedestal with respect to the Kelly sidebands could
be observed beneath the main pulse. A wide span autocorrela-
tion trace (AC) is carried out to confirm single-pulse operation,
as shown in the inset of Fig. 2(b). Both the spectral and tem-
poral phases are close to zero [see Figs. 2(a) and 2(b)], further
confirming a relatively low chirp of the pulse.
The pulses generated from the oscillator are then sent to the
following amplifier stage. Figures 3(a) and 3(b) depict the
Fig. 1. Schematic of the femtosecond Ho-doped fiber laser system.
TDFL, thulium-doped fiber laser; WDM, wavelength-division multi-
plexer; OC, optical coupler; SMF, single-mode fiber; λ∕4, quarter-
wave plate; λ∕2, half-wave plate; ISO, isolator; HDF, holmium-doped
fiber.
Fig. 2. Characteristics of the oscillator. (a) Measured spectrum
(black) from an OSA and retrieved spectrum (red) and phase (blue)
from the FROG. (b) Retrieved intensity (black) and phase (blue) in the
time domain. Inset, measured AC trace.
4620 Vol. 43, No. 19 / 1 October 2018 / Optics Letters Letter
evolution of a pulse profile and spectrum as soon as the pump
power of the amplifier is increased from 1.65 to 2.32 W, re-
spectively. Initially, the pulse duration monotonically decreases,
along with the increase of pump power. After reaching the min-
imal value of 172 fs at 1.98 W pump power, the pulse duration
gradually increases along with the pump power. This can be
explained by the soliton effect in combination with the
high-order soliton generation [29]. The initial stage of ampli-
fication raises the peak power so that a fundamental soliton is
formed, where the relationship τs  3.52jβ2j∕γEp is satisfied
[28]. Here, τs is the fundamental soliton duration, β2 is the
group velocity dispersion, γ is the nonlinearity coefficient,
and Ep is the pulse energy. As soon as the soliton order reaches
N  1, the pulse tries to keep it during the amplification by
reducing the pulse duration. However, when the peak power of
the soliton is too high to maintain N  1, the pulse evolves
into a high-order soliton (N > 1), where a shorter pulse width
could be obtained under proper pump power. By that time, the
spectrum becomes so wide that the gain filtering plays an im-
portant role in reducing the spectral width and broadening the
pulse. Upon further increase in the pump power, the Raman
effect becomes significant, and a separate Raman soliton is
formed [see Fig. 3(a)] [28]. Both spectral broadening and
narrowing, as well as Raman shifting, are clearly evident in
Fig. 3(b). A similar evolution trend could also be observed
by altering the gain fiber length with fixed pump power. It
should be noted that in order to make the pulse measurement
exact, we use a λ∕4 waveplate and a λ∕2 waveplate to convert
the output pulse into horizontal polarization, the working
polarization of our FROG. The FROG measurement error
is below 1.2% in a 64 × 64 grid size for each measurement,
even with a complicated spectrum. We note that <2% error
is acceptable as described in the FROG manual.
The total pulse energy increases from 2.8 to 10 nJ when the
pump power increases from 1.4 to 2.32 W, as shown in
Fig. 3(c). Higher energy is limited by the available pump power
of our homemade TDFL. By subtracting the energy of the side-
bands (∼19% of total energy), the peak powers at different
pump powers could be derived from integrating the whole tem-
poral waveform, as shown in Fig. 3(c). The highest peak power
is 24.3 kW, where the corresponding pulse width and energy
are 172 fs and 7.2 nJ, respectively. The available peak power is
limited by the fiber nonlinearity. A larger mode area gain fiber is
expected to be capable of supporting a higher peak power [29].
Figure 4 records the output pulse features at the pump
power of 1.98 W, where the pulse peak power is highest
(24.3 kW). The measured and retrieved spectra have good
agreement [see Fig. 4(a)], with the exception of a mismatch
at the sidebands and small middle peak, as explained previously.
Different slopes of the spectral phase φω indicate that most of
the light at the 2078.4–2089.6 nm range shifts away from
the main pulse, as the group delay of a pulse is determined
by the spectral phase, τgr  dφω∕dω [24]. The shifting part
is ∼18%, estimated by integrating the measured spectrum.
This is close to the ratio ∼20.8% of the left side lobe to
the entire pulse in Fig. 3(b). Figure 4(b) illustrates the pulse
profile, which has a pulse duration of 172 fs, close to the
Fourier transform limit of 157 fs. The side lobes of the pulse
shape are the inherent nature of high-order soliton compression
[28]. The stronger left lobe could be partially enhanced by the
negative chirp induced by the SMF-28e pigtail fibers of the
isolator and the OC between the oscillator and amplifier.
We experimentally find that such enhancement can be reduced
by inserting a dispersion compensating fiber (DCF) to dechirp
the pulse before sending it to the amplifier. However, the
achievable shortest pulse duration becomes >200 fs. This is
because unlike chirped pulses, the spectral components in
an unchirped pulse are homogeneously distributed and are si-
multaneously amplified during the amplification. Therefore,
it is expected that unchirped pulses will suffer from stronger
gain filtering and, thus, have a longer pulse width after ampli-
fication than chirped pulses. Therefore, in order to achieve the
shortest pulse and highest peak power, we do not use the DCF.
By integrating over the whole temporal range, we find that
more than 72% energy is located at the main pulse.
The soliton order of the pulse in Fig. 4 can be calculated by
N  γP0τ2∕jβ2j1∕2 [28]. Here, P0 is the peak power, τ is the
Fig. 3. Evolution of the (a) output pulse profile and (b) spectrum of
the amplifier under different pump powers. The red parts depict a
Raman shift in time and spectral domain. (c) Pulse energy and peak
power of the amplifier versus pump power.
Fig. 4. Characteristics of the output pulses at the pump power of
1.98 W. (a) Measured spectrum (black) from an OSA and retrieved
spectrum (red) and phase (blue) from the FROG. (b) Retrieved inten-
sity (black) and phase (blue) in the time domain and calculated
Fourier-limit pulse.
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pulse width, β2 is the fiber group velocity dispersion, and γ is the
fiber nonlinearity which is calculated to be 0.61 W−1 · km−1 at
2.08 μm in an SMF-28e fiber. This gives a soliton order of
∼2.05, confirming high-order soliton compression. We also use
an SMF-28e fiber to check the high-order soliton. However,
although the spectrum evolution with fiber length is clear, we
are unable to recompress the pulse due to the Raman scattering.
To further check the stability of the higher-order soliton, we
use a radio frequency (RF) spectrum analyzer (Keysight,
N9010B) to characterize the noise. Figure 5 shows the single-
sideband (SSB) power spectral density (PSD) from 50 Hz to
10 MHz of the first harmonic of the oscillator and amplifier.
No significant difference is observed between them, indicating
that the high-order soliton generation almost does not induce
extra noise. The RF spectra also show no difference and have a
signal-to-noise higher than 70 dB [see the inset of Fig. 5]. The
sharp noise spikes below 1 kHz mainly arise from the acoustics
and environmental vibrations. It should be noted that due to
the limitation of the noise floor of our instrument, we are
unable to record the noise below −110 dBc∕Hz. However,
our spectrum analyzer still could be used to qualitatively char-
acterize the noise change between the oscillator and amplifier.
In summary, we have demonstrated a high-peak-power fem-
tosecond Ho-doped single-mode fiber laser system that produ-
ces pulses with 172 fs duration, 24.3 kW peak power, and
7.2 nJ energy at 2.08 μm. Compared to the traditional CPA
technique, our system does not require external bulk optics
to compress the pulses. The soliton effect and high-order sol-
iton compression in the amplifier play a major role in short-
ening the pulse width and increasing the energy, enabling
truly single-mode fiber output and, therefore, a high beam
quality. The pulse duration and the pulse energy have ∼5-fold
and ∼20-fold improvements, respectively, compared to the
oscillator. Such a compact, robust laser system is very attractive
for applications in pump-probe experiments, mid-IR genera-
tion, and remote gas sensing.
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